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Abstract 
The described application directs the integration of capacitive and resistive sensors for environmental parameters monitoring 
(CO2, relative humidity, dew point and temperature) in low cost applications which can be made on flexible substrate, which was 
developed in the European FP7 project INTERFLEX [1]. This type of applications on plastic substrates requires a reduction of 
amount and type of components in order to reduce costs through simplification of assembly processes as well as enhancement of 
the reliability.  
This paper describes a very simple low power and cost effective architecture for readout of capacitive and resistive sensors, 
which uses few external components, exploiting a STMicroelectronics STM8L15x microcontroller and sensors developed by 
Fraunhofer Research Institution for Modular Solid State Technologies (EMFT). 
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1. Introduction 
Flexible foil systems including sensor and networking functions are an indispensable part of the future internet of 
things. Flexible systems are necessary for compact systems in narrowly limited spaces, e.g. in smart phones, tablets 
and automotive applications. Since complex functions cannot be realized with pure polymer electronics, the 
challenge is to integrate silicon electronic within a thin and flexible system on foil. A main task of such development 
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is the maximum reduction of discrete elements, implemented into a foil system. This work presents a solution for a 
simple and accurate multisensor readout using the AD capabilities of a commercial low cost and low power 
microcontroller (STM8L15x [2]), also functionable in a thinned version on a foil substrate [1]. 
Microcontrollers generally have analog-to-digital conversion features which allow interfacing analog sensors 
directly. Moreover, some peripherals can be combined together to perform capacity-to-digital conversions without 
external signal conditioning circuit. Communication peripheral can be used for transferring the acquired measures to 
storage and processing devices wired connected as well as remote base stations by the use of compatible wireless 
devices. Sensors, microcontroller and radio device managed by proper power managers are the main blocks which 
allow realizing autonomous indoor air quality sensor system with wireless connection capability. 
2. System layout 
The system, dedicated to indoor air monitoring, consist of foil based capacitive sensors (CO2, humidity and dew 
point) and a resistive temperature sensor (RTD) was described earlier [3]. To demonstrate the presented sensor 
readout, only a flexible thin film gold meander temperature sensor (150 nm Au on polyimide substrate, ca. 3.5 kΩ) 
and a humidity sensors (interdigital capacitor 150 nm gold on PI substrate, 6 μm line/space, covered with a 6 μm Cs 
cellulose acetate butyrate (CAB) layer [4] and are provided with a contact bar, compatible to commercial ZIF 
sockets (fig.1a).  
STMicroelectronics ultra-low-power product lines support a wide number of applications where consumption is 
critical, such as in portable devices, medical and handheld equipment, and wired and wireless sensors systems.  
Microcontroller resources are used to acquire capacitive sensors and a resistive sensor (RTD) for environmental 
monitoring (indoor air quality). The capacitive sensors (CX) are directly connected to the microcontroller and their 
capacitance value is measured with reference to the application ground. The implemented measurement 
methodology requires the use of reference capacitors (CS) that are directly connected to the microcontroller too.  
Some discrete components permit to adjust the current flowing through the RTD sensor. The microcontroller 
reconstructs the environmental temperature value on the basis of the regulated current and through the reading of the 
voltage across the temperature sensor. The microcontroller-centric system architecture is shown in fig. 1b.  
 
  
(a) (b) 
Fig. 1 – (a) Foil based interdigital capacitor (IDC) with a surrounding resistive meander (RTD); (b) Block scheme of the electronics 
3. System implementation and sensor measurement 
The presented block scheme has been implemented connecting a STM8L-Discovery evaluation board [5] to an 
adapter PCB in which sensors are placed. 
 
Fig. 2. Test board. 
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The ZIF sockets of the adapter board allow connecting the RTD and up to three capacitive sensors on flexible 
foil. It is also equipped with “clip on” chamber for controlling the environmental parameters and a RS232 
transceiver which enables the possibility to exchange commands and data with external devices. The “clip on” 
chamber is connected to a gas mixture unit via tubes used to control the humidity and placed in a temperature 
controlled chamber implemented into the gas calibration unit at Fraunhofer EMFT. All measurements were 
performed at an ambient temperature of 25 °C and controlled with a commercial humidity sensor (Hygrosens 
KF140D measured with a Solartron 1260 impedance analyzer) implemented into the “Clip-On” chamber as 
reference.  
3.1. Capacitive sensors measurement 
Changes in sensors capacitance are measured exploiting the charge transfer method [6] which is based on the 
electrical properties of the capacitor charge. The sensor capacitance CX is repeatedly charged and then discharged in 
a reference capacitor CS until the voltage on the sampling capacitor reaches a given threshold. The unknown 
capacitance CX is calculated by counting the number of charge transfer cycles N needed to charge the reference 
capacitor CS until it reaches the threshold voltage VT (fig. 3b). VR is the reference voltage which is applied to CX on 
each cycle;  
 
Fig. 3. Charge transfer method. (a) Hardware implementation; (b) Waveform on CS terminal. 
The microcontroller implements the measurement method by the use of a counter, a comparator and some internal 
multiplexer which in fig. 3a are summarized as switches S1, S2, and S3. Capacitors CX and CS are discharged at the 
beginning of each acquisition cycle. Then capacitance CX is charged and discharged according to the sequence 
descripted in table 1 by repeating steps from 2 to 5 until the threshold voltage is reached. The counter is incremented 
each cycle. [7] 
  Table 1 - Charge transfer acquisition sequence 
STEP S1 S2 S3 DESCRIPTION 
1 OPEN CLOSED CLOSED Cs and CX are discharge 
2 OPEN OPEN OPEN Dead time 
3 CLOSED OPEN OPEN Cx charge 
4 OPEN OPEN OPEN Dead time 
5 OPEN CLOSED OPEN Charge transferred to Cs 
 
At the beginning of each acquisition cycle CX and CS are discharged. After the first dead time CX is charged to the 
reference voltage VR. The stored charge is: 
ܳ௑ ൌ ܥ௑ ή ோܸ          (1) 
At step 5, charges stored in Cx and Cs are shared. Whereas Cs is initially discharged: 
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ܳ ൌ ܳ௑ ൅ ܳௌ ൌ ܥ௑ ή ோܸ        (2) 
Because of ܥௌ ب ܥ௑, most of the charge is stored in capacitor ܥௌ. Steps 2 to 5 are iterated until the threshold 
voltage is achieved. At the nth cycle the stored charge is: 
ܳ ൌ ሺܥ௑ ൅ ܥௌሻ ή ௌܸሾ݊ሿ ൌ ܳ௑ ൅ ܳௌ ൌ ܥ௑ ή ோܸ ൅ ܥௌ ή ௌܸሾ݊ െ ͳሿ    (3) 
So the voltage across CS at any arbitrary charge transfer cycle is: 
ௌܸሾ݊ሿ ൌ ஼೉஼೉ା஼ೄ ή ோܸ ൅
஼ೄ
஼೉ା஼ೄ ή ௌܸሾ݊ െ ͳሿ       (4) 
Because of the initial closing of S3, ௌܸሾͲሿ ൌ Ͳ and by assuming ௌܸሾܰሿ ൌ ்ܸ : 
்ܸ ൌ ௌܸሾܰሿ ൌ ோܸ ή ൤ͳ െ ቀ ஼ೄ஼೉ା஼ೄቁ
ே൨       (5) 
By remembering of ܥௌ ب ܥ௑ 
ܰ ൌ െ ஼ೄ஼೉ ή ݈݊ ቀͳ െ
௏೅
௏ೃቁ  (6)   or:  ܥ௑ ൌ െ
஼ೄ
ே ή ݈݊ ቀͳ െ
௏೅
௏ೃቁ  (7) 
The selection of CS has a key role and it is a compromise between accuracy, resolution and measurement time.  
Moreover VT as well as CS capacitor and circuit parasite contribution are integral part of the design and their not 
ideal effects have to be taken into account. 
3.2. RTD measurement 
The ADC peripheral usually uses VDD/VSS as reference voltage. As this voltage is not accurate, this method may 
result in incorrect measured values. By measuring the internal reference voltage, it is possible to perform corrections 
to measured values and obtain more precise measurements [8]. Correction to collected data can be done by using the 
following formula: 
ூܸே ൌ ஽಺ಿ஽ೃಶಷ಺ಿ೅ ή ோܸாிூே்          (8) 
Where: VIN is the input voltage measured after correction, DIN is the ADC data from input voltage channel, 
VREFINT is the internal reference voltage, DREFINT is the ADC data from internal reference voltage channel. 
The temperature sensor resistance is calculated by three ADC measurements (VREF, VRTD, VSUPPLY) according the 
formulas: 
ௌܸாே ൌ ஽ೄಶಿ஽ೃಶಷ಺ಿ೅ ή ோܸாிூே்  (9)   ௌܸ௎௉௉௅௒ ൌ
ଶಳ಺೅ಲವ಴
஽ೃಶಷ಺ಿ೅ ή ோܸாிூே்  (10) 
ோܸாி ൌ ஽ೃಶಷ஽ೃಶಷ಺ಿ೅ ή ோܸாிூே்  (11)   ܴோ்஽ ൌ
௏ೄೆುುಽೊି௏ೃ೅ವ
ூೃಶಷ   (12) 
Whereas ܫோாி ൌ ௏ೃಶಷோೃಶಷ and ܴோ்஽ ൌ ்ܴ଴ ή ൫ͳ ൅ ߙሺܶ െ ଴ܶሻ൯ the environment temperature is: 
ܶ ൌ ଴ܶ ൅ ଵఈ ή ቀ
ோೃಶಷ
ோ೅బ ή
௏ೄೆುುಽೊି௏ೃ೅ವ
௏ೃಶಷ െ ͳቁ       (13) 
Microcontroller can use the EN pin to enable the RTD circuit (fig. 4a), keeping it off when it is not needed. Some 
discrete components acts like reference controlling the current flowing through the RTD sensor. 
4. Tests results 
The tests were done using a humidity ramp (25 – 75 % rh at 25 °C) to approve the measurement capability of the 
system.  The measurements resolution depends on the implemented boundary conditions of the microcontroller (i.e. 
assuming CS=220 nF and VR=3V, the maximum resolution is 6 fF). Fig. 4b compares the foil sensor with the 
Hygrosens KF140 D sensor tracking the humidity ramp. Compared with the commercial sensor the foil based sensor 
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shows a slight longer response time, especially at high humidity level. This behavior may be caused by the humidity 
uptake of the polyimide substrate [3]. The measurement curve demonstrates that the charge method offers a simple, 
compact, accurate and low-cost solution to directly connect capacitive sensors to microcontrollers.  
 
 
(a) (b) 
Fig. 4 (a) Temperature sensor circuit; (b) Relative humidity measurement curve (black: foil sensor, blue: Hygrosens KF140 D sensor) 
5. Conclusion 
This presented work demonstrates the capabilities of an accurate multi sensor measurement using a 
microcontroller. The system matches ultra-low power requirements for energy autonomous application and it is 
profitable especially in low-cost applications for future sensor applications, e.g. in the desired air quality monitoring 
system. The system has been successfully tested with flexible sensors and is ready for future fully flexible systems. 
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